[1] We describe a new method to estimate the S-P time of tremor-like signals and its application to the nonvolcanic tremor recorded in July 2004 by three dense arrays in Cascadia. The cross correlation between vertical and horizontal components indicates that very often the high-amplitude tremor signal contains sequences of P and S waves characterized by constant S-P times (T S-P ) in the range 3.5-7 s. A detailed observation of the three component seismograms stacked over the array stations confirms the presence of P and S wave sequences. The knowledge of the T S-P poses a strong constrain on the source-array distance, which dramatically reduces the uncertainty on source locations when used with more traditional array processing techniques. Data were analyzed using the zero lag cross-correlation technique (ZLCC) to estimate the propagation properties of the most correlated phases in the wavefield. Detailed polarization analyses were computed using the covariance matrix method in the time domain. Polarization parameters, joint with the results of ZLCC, allows for the discrimination between P and S coherent waves. Results show that the tremor wavefield is composed mostly by shear waves, although a consistent amount of coherent P waves is often observable. The comparison of the back azimuth at the three arrays indicate that the source of deep tremor migrates over a wide area, and often many independent sources located far from each other are active at the same time. The tremor source was located by a probabilistic method that uses the results of ZLCC, given a velocity model. When available, the inclusion of the T S-P time in the location procedure strongly reduces the depth range, with a distribution of hypocenters very near the subduction interface. This result, significantly different compared with previous less precise locations, makes the Cascadia nonvolcanic tremor more similar to the nonvolcanic tremor recorded in Japan, at least in cases of measurable T S-P . The polarization azimuth aligned with the slow slip direction and the source located on the plate interface indicate that deep tremor and slow slip are two different manifestations of a common phenomenon related with the subduction dynamics.
Introduction
[2] Deep nonvolcanic tremor was discovered in Japan in the late 1990s [Obara, 2002] and successively observed along the West coast of North America, from Mexico to Alaska [Rogers and Dragert, 2003; Nadeau and Dolenc, 2005; McCausland et al., 2005; Schwartz and Rokosky, 2007; Gomberg et al., 2007; Payero et al., 2008] . The seismic signal is characterized by emergent onset, low amplitude, absence of sharp pulses recognizable at the stations of a regional network, and predominance of shear waves. The frequency content with the most of energy in the 1-10 Hz band is lower with respect to equivalent magnitude earthquakes . In the northern Cascadia subduction zone the deep tremor occurs with surprising regularity every 14 ± 2 months, in concomitance with episodic slow slip observed along the subduction strike (Episodic Tremor and Slip, ETS) [Rogers and Dragert, 2003; Royle et al., 2006] . During the tremor sequence the source shows a migration in time Kao et al., 2007] and the signal amplitude is modulated by the tide [Rubinstein et al., 2008] . The most recent tremor sequences have been recorded by a high number of seismic stations, many of which were deployed specifically to study the tremor. However, in spite of the great amount of highquality data available and the big effort devoted to the analysis of this phenomenon, many characteristics of the nonvolcanic tremor are still unexplained.
[3] The very low signal amplitude and the absence of sharp pulses correlatable across stations of a regional network makes determining the source location very difficult through ordinary techniques. Methods based on the relative timing of signal amplitude peaks and/or envelopes give a rough location of the source [McCausland, 2006; Kao et al., 2006] , but with poorer resolution than for earthquakes. Polarization analysis indicates that some tremor has a source mechanism consistent with shear failure on a deep near horizontal plane in the direction of plate subduction [Wech and Creager, 2007] .
[4] Based on its quasi-periodic occurrence, an ETS was expected to occur in the Cascadia subduction zone during the summer 2004. Three short period seismic arrays were installed in a triangular configuration in North Puget Sound and Vancouver Island (Figure 1 ). Preliminary analysis of some tremor bursts using array and polarization techniques showed that the seismic signals were dominated by body waves characterized by high coherence and high apparent velocity [La Rocca et al., 2005] .
[5] Array methods are appropriate for a detailed description of the propagation characteristics of the tremor signal, while polarization analysis gives an important contribution to the wave classification. In the present paper we combine array with polarization analysis to show the presence of a consistent amount of P wave energy along with the dominant S wave signals. We use the results of array analysis at multiple arrays to determine a probabilistic location of the tremor source. Then by cross correlating the vertical and horizontal components we determine S-P times at each array that combined with the probabilistic locations gives a strong constraint on the source depth. The source locations gives a clear description of source migration, but also indicates that often many sources radiates energy at the same time.
Methods of Analysis
[6] Four specific techniques were used for the analysis of tremor signals described in the present paper. The ZLCC array method and the polarization method are described in detail in the literature [Frankel et al., 1991; Del Pezzo et al., 1997; Saccorotti and Del Pezzo, 2000; Jurkevics, 1988] , but are briefly reviewed in the Appendix A and Appendix B of this paper. Here we give a detailed description of the probabilistic source location method, and the vertical to horizontal cross-correlation technique to determine S-P times.
Probabilistic Source Location Method
[7] The absence of sharp phases identifiable at stations of a regional seismic network (PNSN) prevent using conventional source location methods based on phase picking. On the other hand, array analysis can give an estimate of apparent velocity and propagation direction of coherent phases contained in the wavefield. By back projecting rays from the different arrays one can estimate the source location of deep tremor by using a probabilistic source location method [La Rocca et al., 2004] . Assuming a velocity model and measuring the slowness vector S O at one array, for example Lopez (LOP), the probability that the source of the analyzed signal is located at the coordinates (x, y, z), is given by P LOP ðx; y; zÞ ¼ exp½À0:5ðS
where S T is the theoretical slowness vector corresponding to the source position (x, y, z). The covariance matrix Cov(S) = s 2 I takes into account the uncertainty on the measured slowness. In this and following equations () T indicates the transpose vector. If the additional information of travel time is available, as in the case when specific phases can be recognized, the probability P LOP (x, y, z) is given by P LOP ðx; y; zÞ ¼ exp½À0:5ðS
where s t is the uncertainty associated with the travel time estimate. When independent estimates of the slowness vector at different arrays are available, the overall probability function is given by the product of individual independent probabilities:
Pðx; y; zÞ ¼ P LOP ðx; y; zÞP SEQ ðx; y; zÞP SOK ðx; y; zÞ ð3Þ
where P SEQ () and P SOK () are the probabilities computed for Sequim and Sooke arrays, respectively, applying equation (1). Applying the same concept, at a single array the probability that a P and S wave pairs share the same spatial location is given by Pðx; y; zÞ ¼ P P ðx; y; zÞP S ðx; y; zÞ ð 4Þ 
In equation (5) P LOP () and P SEQ () are the probability for each array computed by equation (2), while the exp[] term ensures the temporal uniqueness of the source. DT LS = T L − T S is the travel time differences between the two arrays. The difference between theoretical and observed values (DT LS T − DT LS O ) admits among the solutions only those sources that have the same origin time. The generalization of equation (5) to N arrays is straightforward.
[8] This probabilistic location method is very flexible because the available information about the slowness components and travel times of the seismic signals can be considered individually or combined all together. The minimum information required to determine the source coordinates is given by a pair of slowness components measured at two arrays, or a combination of one pair of slowness components and a travel time measured at a single array. The probability density function (pdf) is normalized by integration on the entire volume spanned by the search grid. Equation (2) always gives a unique solution with a maximum of the pdf very close to 1. On the contrary, when the source is located by using more than one estimated slowness, that is using two different phases at the same array or using slownesses from two or more arrays, the solution may be less significant or may not exist at all. The maximum of the normalized pdf gives a measure of the solution reliability. In case the various estimates of slowness and travel times are not compatible with the same source, the pdf maximum is very small. In such cases we consider the pdf not normalizable and no solutions are found by the probabilistic source location.
[9] Size and shape of the pdf give an indication of the error associated with the estimated source position. The extension of the source volume, given a probability threshold, depends dramatically on the standard deviations s s and s T associated with the slowness components and travel time adopted in the evaluation of the pdf. For locations based only on the slowness estimated at two or three arrays, assuming s S = 0.033 s km −1 as estimated by the analysis of S phases of earthquakes , the 70% probability volume has an average radius of about 10 km. As is usual in source locations where all information is from surface stations, the worst constrained parameter is the source depth.
Cross Correlation Between Vertical and Horizontal Components
[10] A well-known property of the cross-correlation function is the ability of measuring the amount of "common signal" contained in two time series. The abscissa of the maximum of the cross-correlation function is the time lag of the "common signal" in the two time series. This property is the basis of the ZLCC method (Appendix A) to compute the phase velocity of seismic signals across array stations. In this paper we introduce a new method based on cross correlation to measure the time difference between P and S waves in the deep tremor signals. While tremor is made up primarily of S waves, tremor signals are also full of P waves, as demonstrated by the results of polarization analysis. Their low amplitude and rapid succession makes it very difficult to establish a correspondence between them and their associated S waves. However, if all of them within a given time interval are radiated by a common source, the time lag between P and S must be constant and proportional to the source-receiver distance. Since P and S waves are best seen on the vertical and horizontal components, respectively, the cross correlation between vertical and horizontal seismograms may be able to show their presence and give an estimate of the S-P time lag. The cross correlation between two different signals is an oscillating asymmetric function. The presence of a succession of P and S waves in the vertical and horizontal seismograms is expected to give a maximum (or a minimum, depending on the relative polarity) on the positive side of the cross correlation, at a time corresponding to the S-P time lag. Applying this empirical method to signals stacked over the array stations we have found many hours of tremor characterized by constant T S-P time, which can be used to determine a much more accurate location of the source. [12] The deep tremor in Puget Sound started on 9 July, although weak and infrequent tremor was detected as early as 6 July [McCausland, 2006] . Early in the sequence the signal was stronger at Lopez and Sequim, but as the source moved toward the NW the signal amplitude increased at Sooke. From 10-14 July the tremor was almost continuous and recorded with comparable amplitudes at the three arrays. Successively the source moved northward [McCausland et al., , 2010 , thus after 15 July the amplitude of tremor signals started to decrease, first at Sequim and then at Lopez arrays. A detailed description of the source migration during the 2004 ETS is given by McCausland et al. [2010] .
Data Set and Tremor Amplitude
[13] The period of strong enough tremor for this study occurred between 9 and 16 July. Analysis of tremor bursts over the 8 day period show many common characteristics, which are described below as instructive examples.
[14] The nonvolcanic tremor produces low-amplitude seismic signals well recorded only at sites characterized by very low seismic noise. The comparison between tremor amplitude and background noise is our first observation in the characterization of the tremor wavefield. Seismic signals were filtered between 2 Hz and 8 Hz, then the RMS over 1 min sliding windows was computed for every stations of each array taking the mean among the three components. In Figure 2 the RMS of deep tremor recorded on 12 July is compared with the RMS of seismic signals recorded on 2 July. Since there is no evidence of deep tremor, neither significant variations in the background signal amplitude during late June and early July, we assume the signal of 2 July as representative of the normal background seismic noise. Noise levels are different at the three arrays, with the lowest values at Sooke and the highest at Sequim. Since the strongest tremor located in the area of the three arrays have similar amplitude, the signal-to-noise ratio (SNR) at Sequim is generally lower than the other two arrays. The SNR reaches values up to 20-25 at the Sooke array, while at Sequim it is never higher than 10. Since the source of tremor is spread over a wide area, the RMS amplitude alone is not representative of the source intensity. On the contrary, it is sensitive to the change in source-array distance. The relative RMS amplitudes at the three arrays change with time indicating a space migration of the source. In some cases many amplitude peaks are common to the three arrays, although with different relative amplitudes. In other cases RMS maxima appear at a single array such as the strong peak at Sequim array around 1940 UTC in Figure 2 . This last represents a strong tremor burst generated by a source located directly beneath Sequim, as described later.
Array and Polarization Analysis

Overview of the Tremor Sequence and Source Migration
[15] The ZLCC array analysis was performed at the three arrays for all data recorded from 9 to 17 July, filtered in three frequency bands (2) (3) (4) (3) (4) (5) (6) (4) (5) (6) (7) (8) . For many hours of tremor the analysis was applied to sliding windows of three different length: about 1 s, 30 s, and 300 s.
The comparison of results from long windows with the average results from shorter windows covering the same time interval does not show significant differences. In this paper we describe the results for sliding windows of 1 or 2 s. Figure 3 shows the most representative results obtained at the three arrays in this period. For each array the RMS, back azimuth, and slowness values of the most coherent signals are shown. Raw results of array analysis were filtered keeping only those corresponding to windows that have correlation higher than a suitable threshold (0.9 at Lopez, 0.85 at Sooke, 0.8 at Sequim), then the average values over 1 min windows were computed. Results shown in Figure 3 allow for a qualitative overview of the tremor migration through the comparison of RMS amplitude and back azimuth at the three arrays. The slowness variations and the daily back azimuth distributions shown in Figure 4 further contribute to follow the source migration during the tremor sequence. On 9 July the tremor is much more evident at Lopez and Sequim than it is at Sooke. The back azimuth pointing predominantly N at Sequim and S at Lopez indicates that most of sources are located in the area between these two arrays. During 10-12 July the tremor is almost continuous at the three arrays, with most of the amplitude peaks coincident. The back azimuth distributions are quite narrow and indicate the middle of the area bounded by the three arrays as the most active source of energy. This result is in good agreement with epicenter estimated in previous analysis using the PNSN data [McCausland, 2006] , as shown in Figure 1 . The number of tremor locations very near Sooke increases considerably after 11 July, as indicated by very low values of slowness and scattered values of back azimuth. On 13 July a clear change in the source area is Figure 2 . One day of RMS of (top) deep tremor and (bottom) seismic noise in the 2-8 Hz frequency band at the three arrays. The RMS has been computed on 1 min sliding window taking the average value among the three components and among the stations of each array. Signals plotted here were smoothed over 10 min. The deep tremor in the shaded window will be described in detail later.
visible at Sooke, where the back azimuth changes in a few hours from E-SE to N and the slowness takes very small values. At the same time many hours of signal recorded at Lopez and Sequim are free of coherent tremor, indicating that the source is too far away to be well recorded. On early 14 July some hours of strong tremor are located again around Sequim, but most of the following activity is located around and north of Sooke. During the following days the amount of coherent tremor decreases considerably at Sequim and Lopez, while the activity recorded at Sooke is still high. Back azimuth and slowness values at this array indicate a gradual source migration toward W-NW. Note that at the Lopez array the back azimuth varies from S to W during the 9 days and the slowness is never as low as it sometimes is on the other two arrays. This indicates that Lopez remains at the edge or outside of the tremor source area during the entire tremor sequence.
[16] An important characteristic of the deep tremor is the contemporaneous activity of many sources located far away each other. This is evident from the daily back azimuth distributions shown in Figure 4 . Only during 10-12 July the three distributions are compatible with a common source, while during the other days the signals recorded at the three arrays receive large contributions from spatially different sources. McCausland et al. [2010] give a detailed description of the source migration and the contemporaneous activity of many sources.
[17] Polarization analysis was applied to the stacked seismograms filtered in several frequency bands for the entire tremor sequence. An amplitude threshold corresponding to twice the average noise amplitude was applied to select only time windows dominated by tremor. The normalized distributions of the polarization azimuth estimated for the 9 days of strongest activity are plotted in Figure 5 . Since the incidence angle is near vertical and the wavefield is dominated by SH waves, the strong alignment of polarization azimuths cannot be explained in terms of propagation effects, but must be representative of the source mechanisms. The polarization direction is coincident with the subduction motion and with the slow slip direction recorded during the ETS sequences [Dragert et al., 2001; Melbourne et al., 2005] . This important feature of the deep tremor has also been revealed by the analysis of the tremor recorded in the same area in September 2005 [Wech and Creager, 2007] .
Detailed Discussion of a Few Tremor Examples
[18] We will describe in detail the results obtained by the combined array and polarization analysis for 2 h of deep tremor recorded on 12 July, from 1900 UTC to 2100 UTC. Many characteristics seen in these 2 h are common to most of the tremor sequence, therefore we believe that they are representative of the most important features of deep tremor. During the entire 2 h the signal amplitude is at least twice the amplitude of the background seismic noise (Figure 2 ), Figure 3 . Only during 10-12 July the three distributions are compatible with a common source which gives the main contribution at the three arrays. On the contrary, during the other days the three arrays clearly detect tremor coming from different sources.
indicating that even the lowest signal is dominated by tremor. The frequency content of the wavefield does not change significantly during the 2 h.
[19] ZLCC analysis was separately applied to the vertical components and both the NS and EW horizontal components. The results corresponding to windows whose correlation is greater than a suitable threshold, which selects only the highest coherence windows (0.9 at Lopez, 0.85 at Sooke and 0.8 at Sequim in this case) were examined. After looking at the back azimuth distributions, the horizontal components were rotated into radial and transverse, and the array analysis was performed over these seismograms. Back azimuth and slowness of the transverse components corresponding to the highest correlated windows are shown in Figures 6, 7, and 8 for Lopez, Sequim, and Sooke arrays, respectively.
Tremor Between 1900 UTC and 1930 UTC of 12 July
[20] At the Lopez array the highest correlated windows during the first half hour are distributed around 225°, with a small trend toward decreasing values (Figure 6 ). In the same time window the distribution of slowness values change from 0.21 s km −1 to 0.14 s km −1 with a roughly linear trend. At Sooke the average back azimuth is 135°and the slowness is distributed in the 0.12-0.22 s km −1 range, without evident variations with time ( Figure 8 ). These results are compatible with a source migration toward the southeast and toward greater depth. At Sequim (Figure 7 ) the number of windows showing a high correlation is much smaller than Lopez and Sooke, with back azimuth and slowness distributions much more spread out than those observed at Lopez and Sooke (Figure 7) .
[21] A short strong tremor burst between 1919 UTC and 1923 UTC is recorded with high amplitude at all the arrays, but array solutions do not show high correlation at Sequim. Back azimuth estimates at the three arrays indicate that the source is located roughly at the center of the triangle bounded by the arrays. After 1923 UTC the amplitude of the tremor signal at the three arrays returns to a low level.
Tremor Between 1930 UTC and 2000 UTC of 12 July
[22] Starting at 1930 UTC the signal amplitude increases at Sequim and strong tremor is recorded during the following 25 min (Figure 7 ). In this time interval the number of windows showing high correlation at Sequim is very high. The back azimuth estimates are strongly scattered mostly in the two northern quadrants, while slowness values are always very small, distributed in the range 0.0-0.1 s km −1 (Figure 7) . These values indicate an incidence angle of the wavefront near vertical. For such quasi-vertical incidence the back azimuth is mostly undetermined. These results indicate that the tremor source must be located directly below or slightly north of the array.
[23] Stacking the seismograms recorded at array stations improves the SNR, reducing the effect of uncorrelated noise and emphasizing the correlated phases. Since the three arrays were smaller than about 0.5 km and most tremor signals are characterized by high apparent velocity, the signal stacking has been computed without any time shift among array stations. Figure 9 shows 15 min of the strongest tremor stacked over six stations of the Sequim array and filtered in the 2-8 Hz frequency band. The vertical component is characterized by a low-amplitude signal without any obvious impulsive phases. Results of array analysis applied to the vertical component indicate that the wavefield is poorly correlated during this period. On the contrary, a lot of pulse-like phases are evident on both horizontal components, while array and polarization analysis show high correlation, vertical incidence and the shear wave nature of the wavefield (Figure 7) .
[24] The strong tremor between 1930 UTC and 2000 UTC with near vertical incidence is not unique in the 2004 sequence. A few hours later, between 0015 UTC and 0040 UTC of 13 July, another tremor burst with similar characteristics is recorded at Sequim, and several others were observed in the period 11-14 July. Tremor with near vertical incidence is also recorded at Sooke in the period 14-16 July, but never at Lopez. In all of these cases the number of P waves shown by polarization analysis is low. The absence of any impulsive phase on the vertical component is an important characteristic of deep tremor located below the array. If the source mechanism is a fault slip, the fault plane must be very close to the horizontal plane. In fact both normal and thrust fault mechanisms would produce signals with P waves comparable in amplitude with the S wave for any value of the rake angle greater than 10-15°. On the contrary, observed signals recorded at the epicenter do not contain any evident pulse on the vertical component with amplitude higher than 15% of the maximum amplitude seen on the horizontal motion. On the other hand, in the case of tremor located away from the array site, the number of P waves, and more generally the amplitudes of the vertical component signals, are much higher. This characteristic of the wavefield suggests a subhorizontal fault slip as the good candidate for the source of deep tremor. Results obtained at the Lopez array, with the highest density of P waves and vertical amplitude comparable with the horizontal one, are in Figure 5 . Stacking of the polarization azimuth estimated at the three arrays during the 9 days of strongest tremor. Polarization analysis has been applied to the stacked seismograms. Amplitude thresholds were applied in order to analyze only signals whose RMS is at least twice that of the background seismic noise.
good agreement with the expected seismic waves radiated by a subhorizontal fault located in the area between the Sequim and Sooke arrays.
[25] Polarization analysis has been applied to the stacked seismograms shown in Figure 9 to search for a polarization direction in the horizontal plane. The distribution of polarization azimuths, shown in Figure 9 (right), is characterized by a strong alignment in the NE-SW direction, with 50-60°a s the most common direction, as already shown in Figure 5 .
[26] The strong tremor at Sequim between 1930 UTC and 1955 UTC has amplitudes among the highest recorded during the July 2004 tremor sequence, while it is not evident at Lopez and Sooke. The corresponding high RMS peak centered at 1944 UTC is one of the highest in Figure 2 
Searching for P and S Wave Pairs
Results of Array and Polarization Analysis
[28] A detailed observation of the three component signals filtered in several frequency bands permits the identification of many impulsive S waves in the tremor signals at each array. P waves are present in smaller amounts, and their identification is more difficult due to smaller amplitudes. However, the correspondence of a well defined seismic phase at even two arrays is difficult to establish. This prevents the possibility of locating the source using traditional phase picking methods. Polarization parameters permit one to distinguish between P and S waves (equation (B1)). We use the rectilinearity (equation (B2)) and the angle g to identify P waves in the wavefield ( Figure B1 ). P waves are characterized by small values of g (g = 0°in the ideal case) while S waves are identified by large values (ideally g = 90°). In the case of a deep source the angle b further helps the classification of P waves (b small, < 30 deg) and S waves (b large, > 60 deg).
[29] Figures 6, 7, and 8 (bottom), show the slowness of all windows whose polarization properties indicate that the analyzed signal is a P wave. For example, Figure 6 (bottom) shows the slowness obtained by the analysis of the vertical components for all windows characterized by correlation >0.8, rectilinearity >0.65, and g < 30°at Lopez. The further condition of apparent velocity greater than 5 km s −1 is implicit, since the plot is bounded to 0.2 s km −1 as an upper limit. These conditions would not be very restrictive for the identification of a sharp P wave with high SNR, like the case of local earthquakes, but in the case of deep tremor they are.
[30] At the Lopez array ( Figure 6 ) the windows between 1916 UTC and 1923 UTC and between 2045 UTC and This 15 min window contains the strong tremor described in the text. The signal amplitude is very irregular on both horizontal components with a lot of pulse-like phases. On the contrary, the vertical component is characterized by much lower amplitude and absence of any sharp pulses. (right) The distribution of the polarization azimuth computed on the signals shown on the left. The distribution is strongly anisotropic, with the most of particle velocity oriented in the NE-SW direction.
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2052 UTC contain the highest density of P waves (number of P waves per minute), with slowness corresponding to apparent velocity in the range 7-12 km s −1 . In the remaining 2 h, P waves are much less frequent and irregularly distributed in time. At the Sequim array ( Figure 7 ) the number of P waves is the lowest among the three arrays. The most important feature at this array is the absence of recognizable P waves in the time window 1920 UTC to1950 UTC. This window contains the strongest tremor recorded at Sequim, located roughly underneath the array, as discussed above. The absence of P waves in this case is clearly a signature of the source, which radiates very little P wave energy upward, but predominantly S waves. At the Sooke array the 2 h of tremor shown in Figure 8 contain some P waves but does not depict any particular trend.
[31] Figure 10 shows a detailed view of 20 s of tremor recorded at the Lopez array starting at 2047:30 UTC of 12 July. This signal is characterized by a high number of P waves, as shown in Figure 6 between 2045 UTC and 2050 UTC. Two impulsive P waves are clearly recognizable in both the vertical and radial components at 33.2 s and 37.2 s, and others are probably present in the signal. These phases are shown by the low values of the angle g, in contrast with the high values observed in the case of S waves, such as the signals around 40.0 s and 46.0 s. Most of the signals in this time window are characterized by high correlation and values of back azimuth in the range 200-230°. The slowness estimated for the windows containing P waves is generally lower than that obtained for the S waves, as expected. While visual inspection of the seismograms and the results of polarization analysis indicate that these signals contain considerable amounts of P waves, it is difficult to establish any correspondence between individual P and individual S waves. Therefore even impulsive signals like those shown in Figure 10 cannot be used to locate the source by phase picking. Figure 10 . Detailed view of array and polarization analysis results at Lopez array. The three component stacked seismograms are filtered in the1-8 Hz frequency band. Different symbols show the back azimuth and slowness obtained by the array analysis applied to vertical (circle), radial (triangle), and transverse (cross) components. For the best correlated windows the g angle is also shown, using different symbols for values smaller or greater than 45°. The two P waves at 33.2 s and 37.2 s are clearly evidenced by the low values of the g angle.
Cross Correlation Between Vertical and Horizontal Components
[32] Most of the tremor signals are characterized by horizontal amplitudes greater than the vertical ones, particularly those located below an array. Under these conditions coherent P waves may not be easily identified through polarization analysis whose results are mostly determined by the higher amplitude of the horizontal components. Therefore, we tried another approach to highlight the presence of P waves. We performed a straight stacking of seismograms for each component at any array. Stacked seismograms from 8 to 20 July were filtered between 2 Hz and 8 Hz, then two cross correlations between vertical and horizontal components, that is Z-NS, Z-EW, were computed over 300 s windows. The envelope of the normalized cross correlations were plotted together for many hours of tremor to look for any feature of these functions that may reveal relationships between vertical and horizontal energy. In many cases the envelope of cross correlations between the vertical component and one or both the horizontal components reveal an evident maximum at positive time lags. This indicates the presence of a signal contained in both vertical and horizontal components, but with a time delay between them. Figures 11  and 12 show the central part (from −10 s to 10 s) of crosscorrelation envelopes for two tremor windows at the Sequim and Sooke arrays. As expected the cross correlations usually have high amplitude around zero lag because most waves have some energy on both the vertical and horizontal components. However, the most striking feature of the crosscorrelation envelopes shown in Figures 11 and 12 is the presence of high-amplitude signals at positive lags for many 5 min windows. This demonstrates that the seismograms contain two signals characterized by a well defined time lag, the first recorded better on the vertical component and the second recorded mainly on the horizontal components. This feature is so common during some tremor windows to constitute the highest maximum of the cross-correlation function, in spite of the extremely low SNR that characterizes the vertical component signals. The straightforward interpretation of this result is that the high-amplitude signal at positive time lags are produced by P and S wave pairs of constant S-P time and similar waveform. Under this assumption, looking at the cross-correlation results we know the time windows where the probability of finding P and S wave pairs of known delay time is high. Figures 11 and 12 (bottom) include the 2 h of tremor described in detail above. It is noteworthy that the cross correlations at Sequim show a high signal at 4.6 s during the strong tremor located right below the array, recorded between 1930 UTC and 1955 UTC. Indeed, looking at the stacked seismograms of this array, a lot of P and S wave sequences can be identified in the tremor signals. Figure 13 shows 30 s of seismograms where at least 10 P and S wave pairs with S-P time in a narrow interval around 4.6 s are visible.
[33] The use of envelope avoids any ambiguity between positive and negative pulses which characterize the crosscorrelation functions. Looking at the envelope of cross correlations computed at the three arrays for the entire tremor sequence we identified many hours of signal containing P and S wave sequences similar to that shown in Figure 13 . This is particularly evident at Sequim between 9 and 13 July and at Sooke between 11 and 16 July. At the Lopez array the phenomenon is evident only for few hours on 9 and 10 July, even though a lot of P and S wave pairs are recognizable during the following days looking at the seismograms and at the results of polarization analysis. The absence of maxima in the cross correlations corresponding to these P and S wave sequences indicates that they are characterized by S-P times that are not constant. At Sequim the most common S-P times are 4.5 s and 5.1 s (Figure 11 ), while at Sooke the most observed value is 3.6 s (Figure 12 ). Figure 14 shows the distributions of the estimated S-P times at the three arrays.
[34] Although many hours of tremor show clear S-P cross correlations at Sequim and Sooke, some tremor periods do not. Tremor periods characterized by clear S-P correlations were compared with tremor periods not showing S-P correlations taking into account amplitude, spectra, results of array analysis, and polarization characteristics. Since no obvious differences were found, we conclude that the absence of S-P cross correlations indicate periods where the S-P time is not constant, probably because the sources are not in the same place or at the same depth. of nonvolcanic tremor in Cascadia [Kao et al., 2005; McCausland, 2006; La Rocca et al., 2008] . This is in strong contrast with nonvolcanic tremor located in a narrow depth range on the plate interface in Japan [Shelly et al., 2006] . In sections 6.1 and 6.2 we describe the source location obtained by applying the probabilistic method to the results of array analysis. The first attempt uses equation (3) and yields results affected by large uncertainty. Then we apply equation (2) to each array including the estimated S-P time and obtain much better results in terms of location precision.
Source Location
Probabilistic Location of the Source Using Only Slownesses
[36] Based on array analysis of the whole sequence a subselection of the best correlated windows was used for the probabilistic source location. The average values of slowness and back azimuth over 1 min sliding windows, and their distributions and standard deviations, were computed. The mean slowness and back azimuth were used to compute the slowness vector components in the horizontal plane, S x and S y . These parameters constitute the input for the probabilistic source location using equation (3) and applying equation (1) to each array. This procedure has been applied to all data recorded from 9 to 16 July. Results for all windows that yield a maximum probability greater than 0.4 are plotted in Figure 15 using different symbols for each day. Although these locations seem reasonable, they are clearly incomplete. In fact the number of sources located very close to the Sequim and Sooke arrays is very few, although we know from the relative amplitude of the tremor at the three arrays and from the results of ZLCC analysis at each array that such locations must be much more common. Unfortunately tremor sources very near one array are rarely identifiable at all three arrays, as discussed for the period of 12 July, 1930 UTC to 2000 UTC, and therefore they are not locatable with the procedure applied here. On the contrary, sources located at similar distances from the three arrays, which presumably give the main contribution to the seismic signals recorded at each site are well located with the probabilistic method. The depths of the located sources span the range 25-70 km, with the highest density in the range 30-50 km, very similar to the results obtained by other techniques [McCausland, 2006; McCausland et al., 2010] .
[37] With regards to the 2 h of tremor discussed above, from 1900 UTC to 2100 UTC of 12 July, it is noteworthy that only the short tremor around 1920 UTC yields solutions characterized by high probability. This tremor, which is easily recognizable in the signals of all three arrays (Figures 6, 7 , and 8), is well located by the probabilistic method. The best solution, characterized by a probability of 0.76 and depth of 44 km, is shown in Figure 15 using contour lines to depict the pdf size and shape. This gives an idea of the error associated with the probabilistic source location. If we consider a probability of 70%, the 7th contour line (from the innermost one) allows us to estimate in about 9 km and 11 km the horizontal and vertical errors, respectively. The error in depth increases rapidly as the depth increases. The strong tremor seen at Sequim between 1930 UTC and 2000 UTC does not appear among the solutions of the probabilistic location, as expected since it is well recorded by only one array. For the following hour of tremor, 2000 UTC to 2100 UTC, hypocenters show a rough migration toward E-SE with a decreasing depth trend, as expected from the slowness and back azimuth estimated at the three arrays. However, their maximum probability is always low, smaller than 0.4, therefore they are not included in the solutions shown in Figure 15 . The low probability reflects the absence of a point where the slowness vectors drawn from each array would all intersect, indicating that the three arrays recorded signals coming from apparently different sources. This unfavorable condition is observed often, particularly during the hours of high tremor activity [McCausland et al., 2010] .
Probabilistic Source Location Using Slowness and Travel Time
[38] The knowledge of the S-P time poses a strong constrain on the source location. Assuming Vp/Vs = 1.75, as found by the analysis of local earthquakes , we compute the travel time of both P and S waves using the equations T P = 1.33 T S−P , T S = 2.33 T S-P . Therefore the source can be located using slowness and travel time estimated from only one array applying equation (2). In the case of tremor located below the array, such as the tremor recorded at Sequim on 12 July, 1930 UTC to 2000 UTC, we obtain a precise estimate of the source depth. In this case our estimate of the S-P time is T S-P = 4.6 ± 0.2 s, thus the travel times are T P = 6.0 s, and T S = 10.5 s. We assume S S = 0.05 ± 0.04 s km −1 and ' S = 20 deg as mean slowness and back azimuth, respectively, for the S waves (Figure 7) . The probabilistic location of the source using these parameters yields a depth of 39 km and the epicenter about 4 km north of Sequim (Figure 16 ). This source is very close to the subduction interface estimated by Preston et al. [2003] . The most common T S-P time observed at Sooke, T S-P = 3.6 s, corresponds to a depth of 31 km. Again this value is close to the estimated subduction interface (Figure 16 ). Sources have been located using this probabilistic method for many hours of tremor. The average values of S S and ' S were computed among the results of windows with correlation higher than a suitable threshold, over the same 5 min time interval used to compute the cross correlations. The distributions of observed T S-P time at the three arrays are clearly irregular, characterized by few values with evident gaps among them (Figure 14) . It is noteworthy that the lowest values are always associated with tremor located very close to directly below an array. Since our procedure of straight stacking is particularly efficient for signals characterized by small incidence angle, we tried also some stacking of seismograms shifted to take into account oblique incidence. This alignment stacking was applied for many hours of tremor, mostly at the Lopez array, but results did not show any significant improvement.
[39] Source locations using the T S-P time estimated by the cross correlation are much more precise than using only slownesses at the three arrays. Assuming an average T S-P = 4.0 ± 0.2 s, the relative error is 5%. Given a velocity model, the errors on the travel times T P and T S , and therefore on the source distance, are the same, 5%. For a source directly beneath an array the uncertainty associated with a depth of 35 km is only 1.75 km. This error is much smaller than the uncertainty deduced by the pdf size in the case of sources located using only slowness values at two or three arrays. The great improvement in the source pdf given by the use of Figure 15 . (top) Probabilistic source location of the deep tremor sequence from 10 to 15 July obtained using the slowness of the most correlated time windows at the three arrays. Only the solutions with maximum probability greater than 0.5 are shown. Different symbols are used for each day. Contour lines show the probability function (normalized integral of the pdf) for only one location, the tremor recorded at the three arrays on 12 July, around 1920 UTC (seismograms are shown in Figures 6, 7 , and 8). The contour interval is 0.1, and the outermost contour corresponds to probability of 0.9. The maximum of the pdf, with a value of 0.76, is located at a depth of 44 km. The continuous contour line, which represents the 70% probability, can be used to estimate the errors associated with the source location. (bottom) The subduction interface is shown by red bold line in the vertical cross section.
travel time is evident in the vertical projections shown in Figure 16 , compared with the analogous ones shown in Figure 15 .
[40] Many features of the deep tremor signal indicate that the source is a sequence of micro low-frequency earthquakes that sometimes radiate energy from a small enough volume to give almost constant T S-P travel times over periods of tens of minutes. Of course it is possible that sources cluster cover a broad area but a small depth range such that the T S-P time at an array near the epicenter is almost constant. This hypothesis explains why at the Lopez array, which is always away from epicentral areas, the occurrence of high-amplitude oscillations in the cross correlations is rare, while at Sequim and Sooke it is much more common. An error of about 2 km on the depth is reasonable for clustered sources. To date, this depth location is the most precise result for tremor recorded in Cascadia region. La Rocca et al. [2009] used the T S-P estimated at the three arrays to refine the source location given by the analysis of wavefield envelopes at the PNSN stations. Their results show that most of the hypocenters are located near the plate interface, in good agreement with the present paper.
[41] The occurrence of high-amplitude peaks in the cross correlations follows fairly well the amplitude of the deep tremor at the Sequim array. At Sooke the correspondence is high only after 14 July, while at Lopez it is never evident. A possible explanation of this apparent inconsistence is that high-amplitude tremor often is produced by many sources spatially distant and active at the same time. The wavefield contains P and S wave sequences characterized by different S-P time that do not show up in cross correlograms.
[42] Since the use of travel times greatly reduces the error on the source-array distance, we tried to locate sources by using equation (5) applied at two or even three arrays. This requires the identification of common phases at the different arrays to guarantee a unique origin time. Unfortunately, since the arrays were so far apart, this condition has never been found at all three arrays. Only in a few cases we could identify the same phase at both the Sequim and Lopez arrays. The sources located by equation (5) applied to Sequim and Lopez together are shown as green diamonds and blue pdfs in Figure 16 . They are characterized by a much better constrained distance from the two arrays, and again they are very near the subduction interface.
Discussion and Conclusions
[43] The results described in the present paper give an important contribution to the characterization and location of the source of nonvolcanic tremor in Cascadia. The use of dense arrays composed by three component stations allows a detailed analysis of seismic signals through both array and polarization methods. This permits the source location of coherent phases and the identification of low-amplitude P waves. The signal stacking at each array yields three component seismograms in which the SNR is enhanced. The cross correlations between the vertical and both horizontal components using such enhanced seismograms show the presence of signals that are common to both the vertical and horizontal components but with the horizontal motion delayed a fixed amount from the vertical. The straightforward interpretation of such cross correlations is that they represent a sequence of P and S wave pairs, the timing of which allows a much more precise location of the source depth. Tremor hypocenters located with the T S-P constrain are much more clustered in depth near the subduction interface than previous locations. This result makes the deep tremor recorded in Washington State and south Vancouver Island more similar to the nonvolcanic tremor recorded in Japan, where the more obvious presence of low frequency events allows most sources to be located very close to what is believed to be the subduction interface [Shelly et al., 2006] . Based on our results, we cannot exclude the occurrence of tremor located at depth significantly shallower than Figure 16 . Probabilistic location of tremor sources using slowness and travel time. Locations using data from only one array are shown by yellow diamonds (Sooke), red stars (Sequim), and magenta triangles (Lopez), while the few location obtained by using data from both Sequim and Lopez arrays are shown by green diamonds. The pdf of three single locations is plotted by contour lines to show their size and shape. The two depicted by black lines are relative to single array locations (one for Sequim and one for Sooke) while that shown by blue lines is relative to a joint Lopez-Sequim location. They allow an estimate of the errors associated with depth and epicenters of the probabilistic locations. Hypocenters shown here, obtained by including the S-P time, are much closer to the subduction interface (shown by red bold line) than the results shown in Figure 15 . Even solutions significantly above the red line are compatible with the interface depth due to the strongly elongated pdf shape.
the subduction interface. The use of travel time in the probabilistic location eliminates all sources much deeper than the subduction interface, while many solutions up to 10 km above the interface survive (compare Figure 16 with Figure 15 ). On the other hand, the interpretation of some low level maxima in the cross-correlation envelopes at T S-P time corresponding to shallow depths is not obvious. We cannot establish a level threshold because the shape of normalized cross correlation depends on the entire signal window, and 5 min of seismograms contain so many phases that any prediction of their cross correlation is impossible.
[44] Our location is based on the assumption that the identified P and S wave pairs come from the source. A different interpretation could be that they are produced by wave conversion at a structural interface. However, this hypothesis seems unlike for two reasons. First, the relative amplitude at the PNSN stations is not compatible with sources much shallower than the subduction interface. Second, if the source were significantly shallower (deeper) seismograms should contain stronger P and/or S direct waves with T S-P smaller (larger) than that corresponding to the plate interface, but such kind of signals have not been observed in the seismograms.
[45] The source location close to the subduction interface and the polarization azimuth distributions indicate that the nonvolcanic tremor and the episodic slow slip observed in the same area at the same time [Rogers and Dragert, 2003; Royle et al., 2006; Obara and Hirose, 2006] are two different effects of a common phenomenon which takes place periodically on a regional scale. A strong relation of ETS with the subduction dynamics is evident in the Cascadia region.
[46] Results described in the present paper demonstrates the effectiveness of using dense arrays to study nonvolcanic tremor. The estimation of the T S-P time and consequent identification of P and S wave sequences, their source location and the statistical analysis of the polarization properties has given reliable results using array stacked seismograms. The same methods applied to single station data rarely highlights the ephemeral P and S wave sequences hidden in a very low SNR seismogram. The signal stacking improves the SNR and reduces the contribution of site effects, enhancing the stability and reliability of polarization results. On the other hand, the probabilistic source location without using travel time gives poor results. The main reason is that very often the seismograms recorded at the three arrays contain signals coming from different sources. Therefore in future experiments arrays, as many as is practical, should be installed much closer to each other, in order to allow the identification of the same phases at different sites. The source location could then have a precision comparable with that of local earthquakes.
Appendix A: Zero Lag Cross-Correlation (ZLCC) Method
[47] The deep tremor was analyzed using the ZLCC array method [Frankel et al., 1991; Del Pezzo et al., 1997; Saccorotti and Del Pezzo, 2000] in several different frequency bands at the three arrays. The method searches for the absolute maximum of a correlation function computed over a regular square grid in slowness space. For each node of the grid, the correlation is computed as the mean of the normalized correlation pairs c ij :
where A i k is the kth sample of the seismogram recorded at the ith station. The method has been applied to local and regional earthquakes recorded by the three arrays to test the reliability of results and to infer the uncertainty associated with the estimated slowness and back azimuth . ZLCC array analysis has been applied to the vertical and to both horizontal components.
Appendix B: Polarization Analysis Method
[48] The polarization analysis has been computed in time domain using the covariance matrix method and all the stations available at each array [Jurkevics, 1988] . After the estimate of propagation direction and slowness of the signal contained in the analyzed window, filtered seismograms are aligned and then stacked to get the three component beam forming signals. The covariance matrix, defined by
is computed, and its real eigenvalues l 1 ≥ l 2 ≥ l 3 are used to compute the rectilinearity of the particle motion through the equation
The polarization direction of the particle motion is given by the eigenvector of the covariance matrix associated with the eigenvalue l 1 . The angle b between polarization direction and vertical axis is the "polarization incidence" ( Figure B1 ). The angle g between polarization direction and wave vector is useful to distinguish between P and S waves. Given a velocity model, the wave vector is computed using the propagation azimuth and slowness of the wavefront estimated by the array analysis. The "polarization azimuth," defined as the angle between the North and the projection of the polarization vector on the horizontal plane, will also be used in the following description of the wavefield features.
To improve the capability of the polarization parameters in the wave type classification we have introduced a restriction on the versus of the polarization vector. Given the direction of the eigenvector associated with the major eigenvalue, we consider the polarization vector as the one directed upward, that is the one with the Z component positive, independent of the versus furnished by the analysis of the covariance matrix. The versus of the polarization vector is not important when looking at the seismic signals alone, but it gives much more information when the propagation azimuth is known.
In fact in such a case P waves can be distinguished from SV waves through the comparison of azimuth angle and "polarization azimuth" angle. For a P wave the two angles must be very close each other, while for an SV wave they must differ by about 180°. Figure B1 illustrates the polarization azimuth expected for P, SV, and SH waves propagating with azimuth of 45°, as shown by the arrow, assuming an uncertainty on the estimated value of about 10°.
[49] In many cases, after looking at the back azimuth results, the horizontal components were rotated in order to analyze separately the radial and transverse components. This makes easier the interpretation of results and reduces the contamination of SH waves by SV converted to P waves. Polarization analysis, combined with the results of array analysis, permits to distinguish between P and S phases. Figure B1 . (left) Wave vector K and polarization vector P, and the angles estimated through the "array polarization analysis." The wave vector is computed from the estimated propagation properties of the seismic signal through array methods, given a velocity model. The polarization vector is given by the direction of the first eigenvector of the covariance matrix taking the versus positive upward. (right) Expected distributions of the polarization azimuth for various seismic waves propagating with an azimuth of 45°, as indicated by the arrow. The restriction of the polarization vector to only the upward versus of the polarization direction allows the discrimination between P and SV waves.
